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Jasmonates are signalling molecules induced in plants as a response to various biotic and/or abiotic
stresses. As ozone is known to activate defense responses in plants, we have monitored the
concentration of jasmonic acid in tomato leaves during and after an acute exposure to this abiotic
elicitor. In this experiment, we observed that the maximum induction of jasmonic acid in Os-fumigated
plants occurred 9 h after the end of treatment and the concentration of jasmonic acid in stressed
plants increased 13-fold. However, the level of endogenous methyl-jasmonate was constant during
the observed period. The extraction and quantification of jasmonic acid as its methyl ester was
performed by headspace-solid-phase microextraction (or HS-SPME) in combination with GC—FID
and GC—MS. The sensitivity (LOD = 2 ng/g) of this method permitted the detection and quantification
of jasmonic acid present in plant tissues at very low concentrations.
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INTRODUCTION methyl jasmonate, represents a plant signal molecule, which
serves as an indirect defense mechanism. Methyl jasmonate is

Plants respond to seyeral envw_onment_al stresses such a§ynthesized from jasmonic acid by carboxyl methyltransferase
pathogen attack, mechanical or herbivorous insect-driven wound- EC 2.1.1.141), and the methyl ester stimulates the production

ing, and the presence of pollutants by the synthesis of secondar of jasmonic acid in surrounding plants even though they are

metabolites that mediate mtgrplant communication for defense not under stress. There is some evidence for the activation of
responses. Among these signalling molecules, three are con-

- ) -~ "Jasmonate methyltransferase in distal leavemibidopsisby
sidered the major regulators of plant defense responses: Sal'cy"‘{/vounding or exogenous methyl jasmonate applicat®)n4nd
acid, jasmonic acid, and ethylene @), It is known that the

; . . ) methyl jasmonate has become a strong candidate for a role in
role of these three signalling molecules is not independent, but

t ‘sm betw th th ; i bl systemic signalling. This compound could diffuse to distal part
an antagonism between the pathways IS SOMEUMES POSSIDIE ¢ plants via vapor phased) or by intracellular migration,

- . . . . epossibly through the phloem @), whereas jasmonic acid might
feedback regulation between the signalling pathways is possible ;b “able to move across the cellular membrane without a
3. 4). specific carrier because of its acidic natutd). The levels of

The role of salicylic acid in influencing plant resistance t0  jasmonic acid in plants vary with developmental stage, organs,
pathogens (aphids, bacteria, fungi) is well documented (5), and species. Results obtained by several groups indicate that
whereas jasmonic acid is commonly believed to play an pjants can have a jasmonic acid concentration between 10 and

important role in plant responses to insect herbivores and abiotic 5 ng/g depending on the factors described above and
stress. In fact, wounding(7) and pathogen elicitors caninduce  physijological conditions (12).

accumulation of jasmonic acid, which is responsible for the
!ndyc_non of_a specific gene induced by wounding, the proteinase UV irradiation, and ozone can influence jasmonic acid concen-
|nh|b|tor_(P|nII) (6_)' ) ) ] ] tration in plants. One of the main components of photochemical

~ The biosynthetic pathway of jasmonates (jasmonic acid and pojytants is ozone (§). It has a strong oxidative potentie{

its derivatives) in plants has been intensively studied and well — 5 g7 V) and represents a serious problem in many countries
explained. The soluble jasmonic acid acts as a direct defensepecayse it can damage animals and plants. Tropospheric ozone
to herbivores or others injuries, whereas the volatile form, is pelieved to cause significant damage and loss of productivity
in native and crop plantd.8, 14). With respect to animals, plants

* Author to whom correspondence should be addressed [telephone are more susceptible to ozone, and sensitive species can show

Environmental stress such as low temperature, intense light,

+3§D067p5ag§15e§t2gf2:p\f§r>%3g ?;ISa5n8d5E6n23_%ner;‘rgﬂélzggrgggnipg.it]- damage after a short exposure to even low concentratiorn (3
ICUltu VI | . . .

* Department of Plant Biology and Agro-environmental and Animal _h’ _50_60 Ppb)- This poses _a problem becauge@hcentrations
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Figure 1. Representative GC chromatogram of jasmonic acid (as methyl jasmonate) accumulated in leaves of tomato after ozone exposure. The peak
corresponding to the analyte is marked.

ppb (14). Ozone diffuses into plants via stomata, and so the Effect of lonic StrengttiThe ionic strength of solution was modified
green tissues are the major target-sites of its action. In leaves by addition of NaCl on standard solutions of analyte. Experiments
O; leads to an oxidative burst, massive, rapid, and transient replacing the distilled water as sample media with aqueous NacCl
activation of oxidative metabolisni$). The acute exposure to solution with concentrations ranging from 0% to 30% were conducted.
ozone could cause a suicide program in cells similar to that | € temperature was 6C, and the extraction time was 30 mifigure
shown after pathogen infection. This phenomenon is referred 1 shows an example of the SPME-GC chromatogram under optimized
- . . . conditions.
to as cell death around the invasion site and as a transcriptional Plant Material and Ozone Treatment. Tomato seeds. {copersicon

activation of defense genes in both challenged and surroundingesculemunMi”_) cv New Yorker were kindly provided by Prof. G. P.

cells. Soressi (Dept. of Agrobiology and Agrochemistry, Univ. della Tuscia,
Because jasmonic acid is commonly regarded as a protectiveViterbo, Italy). Tomato plants were grown under controlled conditions

compound that may control plant lesions upon oxidative stresses,(20 + 1 °C, 85+ 5% RH, 500umol photon flux density/fis) and

this study was done to investigate the changes of jasmonic acidwere sampled at the growth stage of fourth true leaf .

concentrations after whole tomato plants were exposed to acute Os fumigation was performed according to Bernardi et 2 (Plants

O treatment in comparison with the untreated plants. For this Pre-adapted to the chamber conditions for 48 h were exposed to an

study, a HS-SPME methodology for the extraction of jasmonic acute fumigation with 200 ppb4or 5 h and left to recover in charcoal-

acid as methyl jasmonate from plant samples was optimized filtered air. Leaves were sampled periodically at 0, 1, 3, 5 h (time during

evaluating the main parameters that can affect the e tract'onthe exposure to §), and 8, 11, 14, 17 h (time after the end of exposure
valuatl 9 ' _p_ . X 10N, 0;). Control untreated plants were kept in charcoal-filtered air
efficiency and selectivity of the SPME technique.

chambers under the same growth conditions.
Extraction of Jasmonic Acid from Tomato Leaves.Frozen plant
MATERIALS AND METHODS material (0.3-0.5 g of fresh weight) was pulverized with liquid nitrogen
and silicon dioxide using a pestle and mortar. An aliquot of methanol
Chemicals. Methyl jasmonate analytical standard (95%) was pur- (1:2, w/v) was added, and the mixture was centrifuged at 1@ @80
chased from Sigma-Aldrich (St. Louis). Silicon dioxide was purchased 15 min at 4°C. The supernatant was collectedad 4 mLglass vial,
from Riedel-de-Haén (Seelze, Germany). NaCl and EtOH were and the solvent was evaporated underallambient temperature.
purchased from BDH (VWR International, England). Jasmonic acid 2 mL_ of ethereal diazomethane was added to the dried sample for
was prepared from methyl jasmonate according to Creelman @6al. ( the derivatization reaction, and after 30 min the reaction was stopped
Diazomethane was prepared according to the procedure described by,nger a gentle Nstream. 1 mL of 30% w/v NaCl solution was added
Zadra (17). to the dried sample in a vial sealed with a silicon septum and containing
SPME Materials. The manual SPME fiber holder and SPME fibers  a stir bar. Extraction of methyl jasmonate was carried out by headspace
(PDMS, 100 um film thickness) were purchased from Supelco exposure of the fiber over the aqueous sample under stirring &€ 60
(Bellefonte, PA). The new fibers were conditioned before use according for 30 min. The temperature of water samples was controlled by means
to manufacturer’s instructions, 1 h in the GC-injector at 260 of a device with Pt thermometer with a precisionded.01°C (Julabo
Optimization of the HS-SPME Method. Extraction Temperature. Labortechnik GmbH, Seelbach, Germany).
Measurements were performed on standard solutions containing a range Blank analyses were carried out by exposure of the fiber to the saline
of 10—1000 ng/g of analyte. A sample temperature ranging from 25 to solution.
60 °C was examined, and dependence of the area on the temperature GC Analysis. Analyses were performed with a Varian CP-3800 gas
of sample was studied. chromatograph (Varian Inc., Palo Alto, CA) equipped with a 1177 split/
Exposure TimeAfter sample temperature optimization, the exposure splitless injector, a 30 nx 0.25 mm i.d., 0.2%m, CP-Sil8CB capillary
time was studied in standard solutions. The samples were magneticallycolumn (Varian), a FID detector, and Galaxie Workstation software
stirred, and the SPME fiber was exposed to the headspace for periodgVarian Inc.). Desorption of the PDMS-SPME fiber was made directly
of time ranging from 5 to 90 min. The extracted analytes were into the injector port for 5 min at 25TC in splitless mode. The injector
immediately chromatographed. Temperature was kept &€6during split/splitless program mode was: 0—5 min splitless; 5.01—5.75 min
the experiment, which was performed in triplicate. at 1:50 split ratio. The column oven was programmed as follows: 60
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°C (1 min) to 280°C (2 min) at 25°C/min. The temperatures of the 400 - A

injector port and detector were 250 and 2&0) respectively. Helium

was used as carrier gas, and its pressure was maintained constant at 300 -

10.0 psi (1 mL/min). ¢ * —e
GC—MS Analysis. Analyses were made to confirm the efficacy of

the methylation procedure. A Varian Star 3400 gas chromatograph

equipped with a split-splitless injector was combined by direct coupling

to a Varian Saturn |l mass spectrometer, operating in the electron impact 100 -

mode (El), equipped with a multiple-ion detector. A 30x10.32 mm

i.d., 0.25um ZB-5 capillary column (Phenomenex, Torrance) was used. 0

The chromatographic conditions were as follows: the temperature was

programmed from 60C (1 min) to 280°C (9 min) at 25°C/min. The

carrier gas was helium at the flow rate of 1 mL/min; the temperatures

of the injector port and of the ion source were 250 and 280 800 - B

respectively; and the emission current wag20 The ions to be taken

into consideration in confirmation of jasmonic acid (as methyl

200

Peak area

40 60 80 100
Time (min)

o
N
o

jasmonate) were: [M m/z 224 (90), 202 (35), 193 (32), 187 (20), 5 0001
177 (28), 151 (100), 135 (74), 117 (15), 107 (50), 95 (60), 83 (87), 67 &
(52), 55 (54). < 400 -
[
o

Statistical Analysis. Statistics calculations on the data obtained from
SPME fiber analyses were performed via the ANOVA two-way test 200 -
after the logarithmic transformation of the results. 1

0 T T T 1
10 20 30 40

The quantification of jasmonic acid in fully expanded leaves %NaCl (wh)
is difficult because of its low level and instability during the
purification stepsX9, 20). The common protocols to determine
jasmonic acid require a long time for sample preparation and
purification, and a large amount of organic solvents are required
in several steps of the analytical method.

An alternative sample preparation technique with increasing
success is solid-phase microextraction (SPME). This techniquemethyl jasmonate retention time were recorded when blank
is based on the specific sorption of analytes by the film coating analyses were carried out with fiber exposed to ambient air and
of a silica fiber support, allowing extraction and concentration 30% NacCl solutions. In fact, to avoid contamination problems
in a single step without long and laborious purification steps. of memory effects during the analysis of samples, fibers were
Although a very small amount of analyte is extracted, the SPME additionally heated at 250C for 15 min at the end of
technique avoids the use of large amounts of organic solvents,chromatographic analysis.
and the losses that could occur during the extraction, concentra-  To optimize the amount of C#l, necessary for derivatization
tion, and cleanup steps of traditional analytical methods are of JA in plant samples, jasmonic acid standard solutions<0.1
reduced. In fact, the LODs (2 ng/g) obtained with the HS-SPME 10 ngfL) were added with increasing concentrations of ethereal
technique applied to this experiment are due to low levels of diazomethane, and the reaction was monitored by-GIS
losses that could occur during sample preparation. analyses.

SPME Procedure. In this study, we have used headspace-  To determine the recovery of free jasmonic acid in the method
SPME for sampling JA-derivatized for several reasons: the developed, known amounts of jasmonic acid were added to plant
methyl ester is a volatile compound; the equilibrium is attained matrices prior to extraction. Spiked plant samples were subjected
more rapidly in headspace SPME than in immersion mode; the to extraction and quantification. The data obtained from these
analyte can diffuse more quickly to the coating on the fiber; injections were plotted against the amount of jasmonic acid
and the headspace mode is ideal for minimizing interferences standard added (Table 1). A good linearity for the proposed
with analysis and can prolong the lifetime of the SPME fiber. method was observed. The amounts of endogenous methyl

The efficiency of SPME is affected by a number of variables; jasmonate found were then subtracted to calculate the concen-
therefore, preliminary studies were carried out to determine the tration of jasmonic acid in controls and;®@migated plants.
sampling time, ion strength (% NacCl), and temperature for a The quantity of analyte was determined as usual from the ratio
better efficiency of the whole extraction. Optimization of the of the amountC.) found to the sum of the amount4y) added
absorption time of jasmonic acid-derivatized on SPME-PDMS plus that originally present in the matri€{). BecauseC, and
fiber was investigated by triplicate extractions of a methyl Cyare unknown, a linear relationship for methyl jasmonate was
jasmonate from aqueous standard solutions over a period fromestablished.

5 to 90 min. Plotting area versus exposure tirag(re 2A), The analytical method was simple, fast, and reliable. The limit
the optimal exposure time was 30 min. of detection (LOD) for jasmonic acid as methyl jasmonate was

The ionic strength of the solution influences the equilibrium calculated as 2 ng/g, the same results as obtained by Meyer et
partitioning between liquid phase and headspace. To establishal. (19) in Arabidopsis. This level of sensitivity was also
the optimal salt percentage of aqueous solution, the addition of sufficient to calculate the concentration of endogenous methyl
% different amounts of NaCl to standard solution of methyl jasmonate in healthy tomato plants.
jasmonate was studied. The amount of analyte adsorbed at any Quantification of Jasmonic Acid in Fumigated Tomato
concentration was plotted against % NaCl (w/v). The maximum Plants. To estimate the levels of endogenous methyl jasmonate,
amount of analyte adsorbed was found at an optimal concentra-plant material (treated ozone plants and control plants) was
tion of 30% NacCl Figure 2B). No interfering peaks at the same extracted by SPME without the derivatization step. It was

RESULTS AND DISCUSSION

o

Figure 2. (A) Influence of headspace exposition time in the efficiency of
methyl jasmonate (5 ppb) extraction with PDMS-SPME fiber. The data
show the averages of four different experiments. (B) Influence of % NaCl
on the efficiency of methyl jasmonate (5 ppb) extraction with PDMS-
SPME fiber. The data represent the mean of four independent experiments.
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Table 1. Extraction Recovery (+ Standard Error) and Concentration (+
Standard Error) of Jasmonic Acid in Plant Samples Spiked with Known
Amounts of Jasmonic Acid Standard?

jasmonic acid

jasmonic acid added recovery concentration
(ng) (x100) (ng/g FW)
0 8001
2 88.4+0.8 88+0.1
5 84.2+0.6 10.9+0.1
10 90.1+04 162+0.1
20 83.0+0.6 234+02
50 90.1+1.0 52.2+0.6
100 89.2+0.4 96.3+0.5
200 87.5+0.6 182.0+13
500 904+10 459.4+5.2

1000 85.1+14 857.8 £ 14.5

2The data represent the average of four replicates.
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Figure 3. Jasmonic acid concentrations in tomato leaves during and after
ozone exposure. Open bars, plants left in charcoal filtered air; filled bars,
plants treated with O3, 200 ppb for 5 h. The data are reported as ng/g
FW (**» P = 0.01).

possible to estimate only the endogenous levels of methyl

jasmonate, because the acidic form was not able to pass into
the headspace and thus was not adsorbed by the fiber. The

results for the quantification of jasmonic acid (as methyl

jasmonate) concentrations in tomato plants are showigire

3. An increase in jasmonic acid level was detected after 6 h
from the end of fumigation, and the maximum accumulation

was observed at 9 h from the end of fumigation. Jasmonic acid
decreased after 12 h of the recovery time, with a level similar
to that revealed in control plants. Thus, the tomato plants

exposed to ozone showed an increased jasmonic acid concentra-

tion by 13.0-fold as compared to control plants. Statistical

analysis of the results has shown that the differences were due

to treatment, time, and treatmerttime (P = 0.01). During
our experiment, no differences in the levels of endogenous

methyl jasmonate were detected in ozone-damaged plants (data

not shown).

In agreement with other authordQ, 21), our analyses clearly
show that jasmonic acid is involved in the response to ozone
treatment of tomato plants. Rao et &2] have shown that
jasmonic acid level inArabidopsis plants increased after
fumigation with ozone. Moreover, the present report shows a
method to estimate the concentrations of a phytohormone, which
is believed to play a central role in plant defense responses.
The method for extraction and quantification of jasmonic acid

currently used. It is faster, reliable with a low amount of plant
material, and does not require the use of organic solvents.

(19)
presented here has some advantages with respect to the methods

Zadra et al.

LITERATURE CITED

(1) Dong, X. SA, JA, ethylene and disease resista@ear. Opin.
Plant Biol. 1998,1, 316—323.

(2) Glazebrook, J. Genes controlling expression of defense responses
in Arabidopsis.Curr. Opin. Plant Biol.1999,2, 280—286.

(3) Reymond, P.; Farmer, E. E. Jasmonate and salicylate as global
signals for defense gene expressioarr. Opin. Plant Biol.1998,

1, 404—411.

(4) Thaler, J. S.; Fidantesf, A. L.; Bostock, R. M. Antagonism
between jasmonate- and salicylate-mediated Induced plant
resistance: effects of concentration and timing of elicitation on
defense-related proteins, herbivore, and pathogen performance
in tomato.J. Chem. Ecol2002,28, 1131—1159.

(5) Rao, M. V.; Davis, K. R. Ozone-induced cell death occurs via
two distinct mechanisms in Arabidopsis: The role of salicylic
acid. Plant J.1999,17, 603—614.

(6) Lee, G. I.; Howe, G. A. The tomato mutasyrlis defective in

systemin perception and the production of a systemic wound

signal for defense gene expressiBiant J.2003 33, 567-576.

Strassner, J.; Schaller, F.; Frick, U. B.; Howe, G. A.; Weiler, E.

W.; Amrhein, N.; Macheroux, P.; Schaller, A. Characterization

and cDNA-microarray expression analysis of 12-oxo-phyto-

dienoate reductases reveals differential roles for octadecanoid
biosynthesis in the local versus the systemic wound response.

Plant J.2002,32, 585—601.

Seo, H. S.; Song, J. T.; Cheong, J. J.; Lee, Y. H.; Hwang, |.;

Lee, J. S.; Choi, Y. D. Jasmonic acid carboxyl methyltrans-

ferase: A key enzyme for jasmonate-regulated plant responses.

Proc. Natl. Acad. Sci. U.S.2001,98, 4788—4793.

(9) Karban, R.; Baldwin, I. T.; Baxter, K. J.; Laue, G.; Felton, G.
W. Communication between plants: induced resistance in wild
tobacco plants following clipping of neighboring sagebrush.
Oecologia2000,125, 66-71.

(10) Ruiz-Medrano, R.; Xoconostle-Cazares, B.; Lucas, W. J. The
phloem as a conduit for inter-organ communicationorr. Opin.
Plant Biol. 2001,4, 202—209.

(11) Cheong, J. J.; Choi, Y. D. Methyl jasmonate as a vital substance
in plants.Trends Genet2003,19, 409—413.

(12) Wilbert, S. M.; Ericsson, L. H.; Gordon, M. P. Quantification

of jasmonic acid, methyl jasmonate and salicylic acid in plants

by capillary liquid chromatography electronspray tandem mass

spectrometryAnal. Biochem1998,257, 186—194.

Bergmann, E.; Bender, J.; Weigel, H. J. Ozone threshold doses

and exposure-response relationships for the development of

ozone injury symptoms in wild type speciésew Phytol1999,

144, 423—-435.

Kley, D.; Kleinmann, M.; Sandermann, H.; Krupa, S. Photo-

chemical oxidants: state of the scien&sviron. Pollut.1999,

100, 19-42.

Langebartels, C.; Wohlgemuth, H.; Kschieschan, S.; Griin, S.;

Sandermann, H. Oxidative burst and cell death in ozone-exposed

plants.Plant Physiol. Biochenm2002,40, 567—575.

Creelman, R. C.; Tierney, M. L.; Mullet, J. E. Jasmonic acid/

methyl jasmonate accumulate in wounded soybean hypocotyls

and modulate wound gene expressi®noc. Natl. Acad. Sci.

U.S.A.1992,89, 4938—4941.

Zadra, C.; Marucchini, C.; Zazzerini, A. Behavior of metalaxyl

and its pure R-enantiomer in sunflower plantdelianthus

annus). J. Agric. Food Chen2002,50, 5373—5377.

Bernardi, R.; Nali, C.; Ginestri, P.; Pugliesi, C.; Lorenzini, G.;

Durante, M. Antioxidant enzyme isoforms on gels in two poplar

clones differing in sensitivity after exposure to ozoBwl. Plant.

2004,48, 41-48.

Birkemeyer, C.; Kdasa, A.; Kopka, J. Comprhensive, chemical

derivatization for gas chromatography-mass-spectrometry based

multi-targeted profiling of the major phytohormoneks.Chro-

matogr.2003,993, 89-102.

7

~

(8)

(13)

(14)

(15)

(16)

7

(18)



Jasmonic Acid and Ozone in Tomato Plants J. Agric. Food Chem., Vol. 54, No. 25, 2006 9321

(20) Meyer, R.; Rautenbach, G. F.; Dubery, I. A. Identification and  (22) Rao, M. V.; Lee, H.; Creelman, R. A.; Mullet, J. E.; Davis, K.
quantification of methyl jasmonate in leaf volatiles Afabi- R. Jasmonic acid signalling modulates ozone-induced hypersen-
dopsis thalianaising solid-phase microextraction in combination sitive cell deathPlant Cell 2000,12, 633—1646.
with gas chromatography and mass spectroméhytochem.
Anal. 2003,14, 155—159.

(21) Koch, J. R.; Creelmann, R. A.; Eshita, S. M.; Seskar, M.; Mullet, Received for review August 4, 2006. Revised manuscript received
J. E.; Davis, K. R. Ozone sensitivity in hybrid poplar correlates September 14, 2006. Accepted September 29, 2006.
with insensitivity to both salicylic acid and jasmonic acid. The
role of programmed cell death in lesion formati®ant Physiol.

2000,123, 487—496. JF062249R




